Rapid detection of the category B biothreat agents Burkholderia pseudomallei and Burkholderia mallei in acute infections is critical to ensure that appropriate treatment is administered quickly to reduce an otherwise high probability of mortality (ca. 40% for B. pseudomallei). We are developing assays that can be used in clinical laboratories or security applications for the direct detection of surface-localized and secreted macromolecules produced by these organisms. We present our current medium-throughout approach for target selection and production of Burkholderia macromolecules and describe the generation of a Fab molecule targeted to the B.
Introduction
Development of diagnostic assays for the rapid identification of infectious agents has a number of challenges that are often dependent upon the nature of the agent being detected and upon the progression of the disease. In addition, access to equipment, materials, and trained personnel can differ widely between a developed and a developing country and these criteria will have an enormous influence upon the nature of an assay and the platform that can be used. In the case of acute infections, it is widely recognized that better patient outcomes are directly associated with shorter times required for pathogen identification no matter what the setting. In many clinical laboratories, and especially those with limited resources, slow multi-step culture-based assays are often the only reliable methods available. 1 Slow or inadequate diagnosis can prove costly in acute-care settings (e.g., emergency rooms and intensive care units) in developed areas 1 , whereas in areas with limited resources, patient outcomes are likely to be more severely affected. Furthermore, in situations of a pandemic or biothreat exposure, rapid and accurate point-of-care testing is an essential element in the appropriate management of both patient care and the containment of disease spread. 2 The highly pathogenic Gram-negative Burkholderia bacterial species are good examples of pathogens for which rapid and accurate identification is essential in improving the chances of surviving an acute infection. Burkholderia pseudomallei and Burkholderia mallei are category B biothreat agents and the causative agents of the diseases melioidosis and glanders, respectively. 3, 4 Whilst melioidosis infections occur in a wide range of mammals (including humans) and birds, 5 glanders predominantly affects horses and other solipeds, 4, 6 though rare human infections do occur. 7 These organisms can be cultured easily, and are endemic in wide regions of the world, though the majority of reported cases of human melioidosis infections are in Southeast Asia and Northern Australia. 8 Pustular skin lesions and ulcers can be observed at the point of infection; or fever and coughing if the organisms are inhaled. Pulmonary infections progress rapidly. Septicemic infections result in multiorgan abscesses that, in the case of certain strains of B. pseudomallei, include the central nervous system. In acute infections bacterial sepsis can manifest within only a few days. Treatment with the correct antibiotics is critical as these organisms are naturally highly drug resistant. 4, 5 Death usually follows within a few days if intensive and prolonged antimicrobial treatment is not rapidly applied. However, patient survival levels are estimated at approximately 40-50% even with the administration of the correct antibiotics. 3, 4 A further complication, more widely discussed for melioidosis, is that infections have variable presentations and often mimic other infectious diseases. 5 This makes diagnosis based on clinical symptoms difficult.
In clinical settings, melioidosis and glanders are most commonly diagnosed using serological assays in a range of formats in conjunction with culturing of clinical samples. For melioidosis, positive culture of B. pseudomallei is considered the "gold standard" diagnostic but results can often take days and delayed correct antibiotic treatment can be inadequate in preventing death if bacterial sepsis has developed. 9 Furthermore serodiagnosis, which commonly uses the indirect hemagglutination assay (IHA), based upon visual evidence of agglutination of bacterial cells, 10 although rapid has proved to be of only limited utility (around 50% accurate) for diagnosing acute melioidosis infections or infections in endemic regions. 9, 11 For glanders, veterinary diagnosis also relies upon serodiagnostic methods, methods, the most commonly used being the mallein test that assesses allergic hypersensitivity, 12 although a number of others also exist including a complement fixation test (CFT) which has demonstrated improved sensitivity in situations of low prevalence of the disease. 6, 13 Even so, current serological methods to diagnose glanders suffer from a considerable number of false negative and false positive results, linked to the crude preparation of the B. mallei antigens used in these tests. 6 There is a key clinical need to develop improved reagents that can be used for the detection of these highly pathogenic Burkholderia organisms in clinical samples. Whilst a number of molecular based assays using, for example, polymerase chain reactions (PCR) to amplify specific targets have been reported (see Suppiah et al. 14 and references therein), direct detection of antigens or whole organisms may also prove advantageous in terms of both cost and sensitivity in acute infections, particularly in developing countries. 9 Therefore we have adopted a strategy which involves the development of high affinity reagents, aptamers and antibodies, to detect surface-associated or secreted macromolecules from Burkholderia species. 15, 16 Such reagents would have the flexibility to be used in both rapid readout assays to address clinical needs in endemic areas (e.g., rural Southeast Asia), as well as in more sophisticated high throughput multiplexed platforms for security-based applications. In this paper we describe our current progress in diagnostic target selection and production, including the generation of an engineered Fab directed against a B. mallei protein, BimA.
We also present data obtained from microscopy, ELISA and Luminex assays using antilipopolysaccharide (LPS) antibodies that demonstrate the potential for detecting Burkholderia antigens and whole cells.
Experimental

Recombinant protein expression and purification
Construct design was based upon bioinformatics analyses of target sequences to indicate the presence (or absence) of an N-terminal secretion sequence, transmembrane domains and homology to published crystal structures as previously described. 17 DNA sequences encoding BPSS0213 (residues 1-196; 24 kDa), BPSL1763 (residues 34-457; 47 kDa), BPSS0493 (residues 40-365; 39 kDa), and BPSS1992 (residues 28-644; 68 kDa) were amplified as PCR fragments using genomic B. pseudomallei K96243 DNA as a template.
All fragments contained an in-frame N-terminal 6x Histidine tag and were cloned into the pET15b expression vector (Novagen). BPSS1492 (B. pseudomallei BimA; residues 15 -234; 37 kDa) was cloned into the pCRT7/NT-TOPO vector (Invitrogen) in frame with a Nterminal 6x Histidine tag. DNA sequences for BimA (BMAA0749; residues 19 -265; 26 kDa) and GroEL (BMA2001; residues 1 -550; 59 kDa) were amplified as PCR fragments using genomic B. mallei ATCC 23344 DNA as a template. These fragments contained an inframe C-terminal 6x Histidine tag and were cloned into the pET28a (+) expression vector (Novagen).
All proteins were expressed from Escherichia coli hosts and purified following established procedures. 15, 17 Protein concentrations were determined using the BCA kit (Pierce) using bovine serum albumin as a standard, and sample purity assessed by SDS-PAGE.
Fab isolation using phage display methodologies
Fab phage library-A synthetic Fab phage display library expressing a bivalent Fab through a disulfide linkage, was obtained from Dr. S. Sidhu (University of Toronto, Canada). The library was constructed using a single highly stable Fab framework with diversity introduced only to the Complementary Determining Regions (CDRs). 18 The theoretical diversity of the library is 1x 10 29 , but actual diversity is 3x 10 10 . The phage library was amplified using standard protocols with M13KO7 (NEB, Ipswitch, MA) as helper phage. Phage titer was determined by serial dilution of infected E. oli (XL1 Blue) plated on 2x YT agar supplemented with 50 μg/ml of Carbeniciilin (Cb). The phage titer was calculated from the number of transformed colonies and found to be around 10 14 cfu / ml. Aliquots of the amplified phage were stored at −80°C.
Phage panning using immunotubes-Purified recombinant B. mallei BimA was used at 100 nM concentration in the first round of panning to coat a NUNC maxisorp immunotube in 50 mM sodium carbonate buffer pH 9.6 overnight. In the second and third rounds of panning the concentration of BimA was 50 nM and 25 nM, respectively. The immunotube was blocked with 2% milk / PBS for 2 h at room temperature. A depletion step was performed before each panning round by incubating the phage library (10 12 -10 13 cfu) in 2% milk / PBS in a BSA (10 μg/ml) coated immunotube. Following the depletion step, the phage library in 2% milk PBS was added to the immunotube coated with BimA and incubated for 2 h at room temp. The immunotube was washed five times with PBST (PBS+ 0.05% Tween 20) and five times with PBS to remove the non-specifically bound phage (10 washes each for 2nd round and 15 washes each for 3rd round). Bound phage were eluted by incubating with 1 ml of 0.1 M triethylamine (TEA) for 15 min while rotating and were neutralized with 0.5 ml of 1 M Tris-HCl, pH 7.5. Next 0.75 ml of the eluted phage was used to infect 10 ml of E. coli XL1 Blue cells in mid-log phase for 30 min at 37 °C without shaking. Phage titers were determined as before, and the infected cells were then transferred to 40 ml 2x YT media with 50 μg/ml Cb and were grown overnight at 30 °C with shaking. The next day, cells were harvested by centrifugation and resuspended in 5 ml 2x YT / 50 μg/ ml Cb / 15% glycerol, and stored at −80 °C. For phage amplification, cells were grown to an OD 600 of 0.3 and infected with M13KO7 and grown overnight. The following day cells were harvested by centrifugation at 10000 rpm, and the phage from the media supernatant were rescued by precipitation with ¼ the volume of PEG/NaCl. Following incubation on ice for 1 h, the phage precipitate was collected by centrifugation and resuspended in PBS. The library was panned for three rounds before screening phage for their ability to bind to BimA by ELISA.
Monoclonal phage ELISA-Monoclonal phage ELISAs were performed with individual clones to identify BimA-specific binders. Single colonies from round 3 titer plates were inoculated in 96-well microplates (Costar-3790 Corning, Lowell, MA) containing 200 μl of 2x YT media with 50 μg/ml Cb and grown overnight at 37 °C. 30 μl of the overnight cultures were used to inoculate fresh 96-well plates containing 200 μl of 2x YT / 50 μg/ml Cb / M13KO7 (10 10 phage/ml), and grown overnight at 30 °C for phage propagation. 50 μl of the culture supernatant containing the phage were used for the ELISAs. 100 μl of 20 μg/ ml of BimA in PBS buffer, and bovine serum albumin (BSA) at 10 μg/ml as control was used to coat 96-well ELISA plates (Corning) overnight at 4°C. Plates were blocked with 2% milk / PBS for 2 h at room temperature, and washed once with PBS. 50 μl of the culture supernatant containing phage diluted with 50 μl of 2% milk PBS was added to each well. Each phage solution was tested for binding to both BimA and to the negative control BSA. After 2 h incubation at room temperature, wells were washed 3x in PBST and once with PBS. 100 μl of anti-M13 HRP antibody (Pharmacia) diluted 1:1000 in 2% milk PBS was added to each well, and incubated for 1 h at room temperature. Following incubation, wells were washed 3x PBST with 1x with PBS. For detection, 100 μl of TMB substrate (Dako, Carpinteria, CA) were added to each well followed by incubation for 20-30 min until the color developed. The reaction was stopped by the addition of 100 μl of 4.5 M H 2 SO 4 , and absorbance values were read at 450 nm using a microtiter plate reader.
Fab purification and ELISA-For purification of Fab E8 selected from the monoclonal phage ELISA, the phagemid was converted into the Fab expression vector by introducing a stop codon between the heavy chain and gene lll via Kunkel mutagenesis. Fab E8 protein was secreted from E. coli XL1 Blue strain in low-phosphate medium at 30 °C for 18 h, as described. 19 Fab protein was purified with protein A affinity chromatography.
For ELISAs, 50 μl of 20 μg/ml of BimA in PBS buffer, and Lysozyme at 20 μg/ml as control were coated onto 96-well ELISA plates (Corning) overnight at 4 °C. After blocking the wells with 2% milk / PBS for 2 h, serial dilutions of Fab E8 were added at a starting concentration of 2 μM and incubated at room temperature for 2 h. Following washing as already described, 50 μl of an anti-human kappa HRP-conjugated antibody (Sigma) at a 1:5000 dilution were added. Following incubation for 1 h, wells were washed and detected by the addition of TMB substrate as described before.
LPS purification
Burkholderia thailandensis E264 LPS was purified using a modified hot phenol extraction method. 20 Briefly, bacterial cell pellets were lysed for 16 h at 4 °C using 15000 U of lyzozyme per mg of bacteria. DNase I and RNase were added at 20 μg/ml each and stirred at room temperature for a further 16 h, prior to digestion with 50 μg/ml Proteinase K for 6 h. An equal volume of 90% (v/v) aqueous phenol was added and the bacterial suspension heated to 70 °C for 30 min with vigorous stirring. The mixture was dialysed against dH 2 O for 3 days, with frequent changes, prior to lyophilization. The dry material was subsequently digested with 50 μg/ml Proteinase K for 4 h at 45 °C and ultracentrifuged at 100000 x g for 3 h. Gel-like pellets were then resuspended in dH 2 O and lyophilized. The dry LPS was weighed, resuspended in dH 2 O, aliquoted and stored at −80 °C. The quality of the purified LPS was verified using SDS-PAGE and silver-staining (Bio-Rad Silver Stain Plus kit).
Live cell imaging
Anti-B. mallei LPS monoclonal antibodies (clone 3D11) were purchased from AbCam (10011) and anti-B. pseudomallei LPS monoclonal antibodies (clone CC6) 21 were provided by Dstl (Porton Down, UK). Binding of these Mabs to B. thailandensis LPS was confirmed by Western Blotting with a rabbit anti-mouse IgG (whole molecule) peroxidase-conjugated antibody and SuperSignal West Pico Chemiluminescent Substrate (ThermoPierce).
Cultures of Burkholderia thailandensis E264 (ATCC 700388) or Pseudomonas aeruginosa PA01_LAC (ATCC 47805) were grown at 37 °C, 250 rpm shaking in LB-broth. When an OD 600 between 0.4 -0.8 was obtained, cells were harvested by centrifugation, washed in PBS, resuspended in PBS/1% BSA and 0.3 OD units of bacteria added to sterile 1.5 ml microfuge tubes. The bacteria were pelleted by centrifugation, resuspended in 200 μl of PBS/1% BSA containing either 2.0 μg/ml anti-B. mallei LPS Mab or 4.0 μg/ml anti-B. pseudomallei LPS Mab, and then incubated for 45 min at 25 °C. Cells were washed by three rounds of centrifugation followed by resuspension in PBS/1% BSA. Bacterial pellets were then resuspended in 200 μl of anti-mouse IgG (whole molecule) FITC-conjugated antibodies (Sigma), diluted 1 in 100, and incubated for 30 min in the dark at 25 °C. Bacteria were washed and resuspended in 200 μl of PBS/1% BSA and 10 μl added to poly-L-lysinecoated microscope slides (Polysciences, Inc.) which were sealed with coverslips. Slides were viewed and fluorescence intensity assessed using a Nikon Eclipse 80i fluorescent microscope.
ELISA-detection of Burkholderia LPS and cells
Sample preparation-B. thailandensis E264 (ATCC 700388) and P. aeruginosa PA01_LAC (ATCC 47805) were grown in Luria Bertani (LB) broth and manipulated using standard microbiological protocols. Overnight cultures and exponential phase bacteria were harvested by centrifugation and washed in PBS. Cells were resuspended to 20 OD units/ml and either used as live cells, or were heat-killed at 80 °C for 2 h. Colony counts were also made indicating that 1 OD unit/ml of B. thailandensis contained approximately 5 x 10 8 colony forming units (CFU)/ml. Heat-killed B. pseudomallei K96243 was prepared under biosafety level 3 containment at the University of Texas Medical Branch (Galveston, Texas) and supplied at a concentration of 1 x 10 10 CFU/ml. B. thailandensis E264 LPS was prepared as described above and phenol-extracted LPS from P. aeruginosa serotype 10 was purchased from Sigma (L9143). Direct detection using Burkholderia Mabs-Maxisorp microplates were coated overnight with serially diluted or static concentrations of LPS or heat-killed bacteria in carbonate buffer at 4°C. After blocking with 3% skimmed milk powder in PBS, washed plates were incubated for 1 h at 25 °C with 0.7 μg/ml anti-B. mallei LPS Mab, 1.6 μg/ml anti-B. pseudomallei LPS Mab or serial dilutions of either antibody in PBST. After washing in PBST, antibody binding was measured by incubation with a rabbit anti-mouse IgG (whole molecule) peroxidase-conjugated antibody (Sigma) diluted 1 in 2500, followed by development with 1-step Ultra TMB ELISA reagent (Pierce). After the addition of 2 M H 2 SO 4 , the plates were read at 450 nm.
Biotinylation of LPS and
Sandwich-capture ELISA-Maxisorp plates were coated overnight at 4 °C with 100 μl of between 2 and 10 μg/ml of anti-B. mallei LPS Mab in carbonate buffer. After washing and blocking with 3% skimmed milk powder in PBS, plates were incubated for 1 h at 25 °C with dilutions of purified LPS, heat-killed, or live B. thailandensis or P. aeruginosa (grown to OD 600 = 0.4 -0.8) bacteria. Biotinylated anti-B. mallei LPS Mab in PBST was added to washed plates at a concentration of 0.7 μg/ml and further incubated. The plates were washed in PBS/T and then incubated for 1 h at 25 °C with a Streptavidin-peroxidase polymer conjugate. Plates were washed prior to the addition of 1-step Ultra TMB ELISA reagent. Plates were read at 450 nm after the addition of 2M H 2 SO 4 to stop the reaction. 6 MicroPlex microspheres (region 17; LC10-017-01) were coupled with 75 μg of anti-B. mallei LPS Mab using the standard two-step carbodiimide coupling protocol from Luminex. Briefly, washed microspheres are activated by Sulfo-NHS and EDC prior to incubation with Mab in 50 mM MES, pH 5.0 for 1 h at 25 °C. Coupled microspheres were diluted to 40000 beads/μl in 0.2% skimmed milk/PBS/0.8% polyvinylpyrrolidone (PVP) and 50 μl (2000 microsphere) distributed into the appropriate wells of a pre-wetted 1.2-μm filter plate (Millipore, MABVN1250). For the indirect detection assay, dilutions of LPS or heat-killed bacteria in 0.2% skimmed milk/PBS/0.8% PVP were added in 50 μl volumes and incubated for 1 h at 25 °C with 300 rpm shaking. Supernatants were aspirated by vacuum manifold and washed twice with 0.2% skimmed milk/PBS/0.8% PVP before adding 100 μl of a Streptavidin R-phycoerythrin conjugate (SA-PE; Invitrogen, S866) at a final concentration of 4 μg/μl. Plates were incubated at 25 °C, 300 rpm for 30 min before aspiration by vacuum manifold and washing. Microspheres were resuspended in 100 μl of 0.2% skimmed milk/PBS/0.8% PVP and samples analyzed using a calibrated Luminex 200 IS System, with the doublet discriminator gate set to 7500 and 20000. Reference-corrected data were analysed and plotted with GraFit v 7.0.0 (www.erithacus.co.uk).
Luminex Assays
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Results and discussion
Target production
A key element of our current strategy to develop assays for the detection of pathogenic Burkholderia species requires the identification and purification of surface-associated or secreted proteins or other macromolecules produced by these organisms. These proteins and other macromolecules are used both for the development of molecular recognition reagents (antibody molecules or aptamers) directed against proteins and for validation and optimisation of diagnostic assays. Although the genome sequences for B. pseudomallei, 22 B. mallei, 23 and Burkholderia thailandensis 24 (a lowly virulent related organism) are available, selection of targets simply based upon bioinformatic prediction is not sufficient as macromolecule production varies depending upon the environment and growth stages of these organisms. To improve our choice of targets we used available experimental evidence of target production and bioinformatic analyses which suggest that protein targets are surface-localized or secreted, 16 and sequences from full-length open reading frames or domains which are likely to express high levels of soluble material that can be readily purified.
Examples of purified targets that form part of our current strategy are shown in Figure 1 . The two B. mallei proteins, full-length GroEL (Fig. 1A ) and truncated BimA (lacking its Cterminal transmembrane domain) (Fig. 1B) were selected for a variety of reasons. The heat shock protein GroEL from B. mallei has been shown to be released in cell culture and has also been shown to be highly immunogenic in mice and human infections. 25 The homolog in B. pseudomallei which is 99% identical is also highly immunogenic 26, 27 and has been observed in proteomic analyses of cell cultures. 28, 29 In this case we anticipate a high level of cross-reactivity of recognition reagents to both proteins. The actin-binding protein BimA, in comparison, differs considerably in its size and composition in the amino terminal region of the protein that is exposed at the bacterial surface between Burkholderia species. 30 These sequence differences have been used to develop polymerase chain reaction (PCR) diagnostic primers to distinguish between B. pseudomallei and B. mallei 31 , although certain B. pseudomallei strains in Australia have been shown to possess B. mallei-type amino-terminal sequences that bring this diagnostic into question. 32 More interestingly, although BimA is known to function intracellularly, 30, 33 it has recently been shown to be a protective antigen against B. mallei infection 17 suggesting that it may be present at sufficient quantities on the cell surface in an extracellular environment, identifying It as a potential diagnostic target. Examples of other B. pseudomallei targets are also shown in Fig. 1A . These have been shown to be produced in comparative published 29 or in-house proteomic analyses with B. thailandensis. These data also provide a means of developing and optimizing methodologies for antigen detection under biosafety level 2 laboratory using B. thailandensis as a surrogate.
Generation of an anti-BimA Fab
The synthetic antibody library provided by Dr. S. Sidhu (University of Toronto) was used for phage display biopanning experiments. The library diversity is > 3x 10 10 members and was panned against B. mallei BimA. After three rounds of panning, enrichment of Fabs was observed. Monoclonal phage ELISA for 40 clones each from the round 3 populations was performed. 13 out of 40 clones screened for BimA showed specific binding, with some clones exhibiting a greater than 10-fold ELISA signal compared with the BSA control. Fab E8 was selected from the screen based on its ELISA signal over background. For purification of Fab, the phagemid was converted to an expression vector through the introduction of a stop codon upstream of gene lll. ELISA data demonstrate that purified Fab E8 binds to BimA with micromolar affinity in a concentration-dependent manner (Fig. 2) . Fab E8 also demonstrates some affinity for B. pseudomallei BimA (BPSS1492), though reduced in comparison with the B. mallei protein (Fig. 2) . This result is consistent with the observation that there is considerable sequence diversity between B. mallei and B. pseudomallei BimA proteins in their surface-exposed amino terminal regions, although these proteins have been shown to be functionally complementary. 30 In addition, some structural similarity clearly exists between these BimA proteins and further optimization of Fabs has the potential to yield molecular recognition reagents which either bind to common structural epitopes, or bind to different epitopes for discrimination purposes.
Detection of Burkholderia LPS
In the search for potential targets that could be used in the development of diagnostic reagents, cell surface molecules such as LPS offer interesting options. In B. pseudomallei and B. mallei LPS and capsular polysaccharide are among the few genuine virulence factors that have been identified. 21, 34 LPS is a tripartite molecule located in the outer cell wall of Gram-negative organisms including Burkholderia species. LPS is composed of a membranebound Lipid A moiety (often responsible for the toxic effects of LPS), an oligosaccharide core (typically linking the lipid A moiety using ketooctulosonate), and a surface-exposed Oantigen made of repeating oligosaccharide units that can vary between bacterial species and strains. Mass spectrometric analyses of B. pseudomallei and B. mallei O-antigens indicate that these moieties are heteropolymers composed of repeating units of D-glucose and Ltalose but differ in acetylation patterns of the talose residue. 35 Similarly, mass spectrometric analyses of the lipid portion of LPS show that both B. pseudomallei and B. mallei express very similar Lipid A structures. However, B. pseudomallei Lipid A is predicted to be pentaacylated 36 while B. mallei LPS is predicted to be a heterogeneous mixture of tetra-and penta-acylated species. 34 As part of our strategy to develop protocols for detecting live or killed Burkholderia cells, we are using B. thailandensis LPS as a reagent for protocol development. This LPS has a lipid A moiety which is predicted to be similar to B. pseudomallei 36 and in previous studies has also been shown to be cross-reactive to B. pseudomallei and B. mallei immune sera by Western blot. 20,37 B. thailandensis LPS was purified from cell pellets of B. thailandensis following a modified hot phenol extraction protocol. 20, 21 Purified B. thailandensis and commercially supplied P. aeruginosa LPS were visualized by SDS-PAGE followed by silver staining (data not shown). Both LPSs displayed a characteristic ladder banding pattern, caused by varying numbers of O-antigen units attached to the Lipid A and core oligosaccharides.
Two mouse monoclonal antibodies (Mabs), directed against LPS from either B. pseudomallei or B. mallei, were initially investigated for their ability to bind to B. thailandensis LPS. Purified B. thailandensis LPS was separated by electrophoresis, transferred to nitrocellulose and probed with either anti-B. pseudomallei or anti-B. mallei LPS Mabs. Western blots (data not shown) revealed that both Mabs specifically bound to B. thailandensis LPS O-antigen repeating units ("ladder pattern") but not to the Lipid A band or to purified LPS from E. coli 0111:B4, which was included as a negative control.
For assay development, purified B. thailandensis LPS was initially immobilized directly onto immuno plates and binding of Mabs detected by ELISA. Sigmoidal binding curves were observed, with the anti-B. pseudomallei Mab showing higher affinity binding to purified LPS compared with the anti-B. mallei Mab (Fig. 3A) . Based upon these results we adapted our methods to use the commercially available anti-B. mallei Mab in a Luminexbased indirect binding assay to detect purified B. thailandensis LPS. Luminex microspheres were first coupled with the anti-B. mallei LPS Mab. B. thailandensis and P. aeruginosa LPSs were then mixed with the coupled microspheres and binding detected using a biotinylated anti-B. mallei LPS Mab in conjunction with a streptavidin-phycoerethrin conjugate (SA-PE). Microspheres were analyzed on a Luminex 200 instrument. Binding of LPS from B. thailandensis but not P. aeruginosa LPS was detected (Fig. 3B) , displaying dose-dependent binding. Initially, unacceptably high background binding was observed when 1% BSA/PBS was used as dilution buffer. However, this problem was eliminated by the use of 0.2% milk/ PBS/0.8% PVP as a blocking buffer, with non-specific binding not exceeding 6 MFI units.
Detection of Burkholderia cells
To confirm that the anti-LPS Burkholderia Mabs are viable reagents for the detection of live cells, exponential phase B. thailandensis or P. aeruginosa cells were incubated with each of the anti-LPS Mabs, followed by an anti-mouse IgG FITC-conjugated antibody. Cells were mounted onto poly-L-lysine-coated microscope slides and bacteria visualized by fluorescence microscopy (Fig. 5) . Under white light, B. thailandensis rods were clearly visible at 100 x magnification (Fig. 4A) . Furthermore, when excited by the mercury vapour lamp, samples of B. thailandensis incubated with either of the anti-LPS Mabs displayed punctate green staining on the cell surface (Fig. 4B) , whereas P. aeruginosa showed no staining at all (data not shown). Merging the phase and fluorescence images demonstrates that not all bacterial cells bind the Mabs equally. (Fig. 4C) . A proportion of the bacteria present did not stick to the surface of the microscope slides, and fluorescently-labelled bacteria could be seen to swim across the plane of vision. This observation suggests that these Mabs can be used to capture whole live cells in the timescale of this experiment.
Anti-B. mallei LPS Mab was also used to detect heat-killed and live Burkholderia species cells. Anti-B. mallei LPS Mab was coated onto immuno plates and heat-killed and exponential phase live B. thailandensis bacteria were subsequently detected by ELISA with an optimum Mab coating at 5 μg/ml (Fig. 5A) . Comparison of data from the ELISA binding curves at 2 μg/ml Mab shows that the heat-killed bacteria bound with higher affinity compared to live cells. Binding of the anti-B. mallei LPS Mab to heat-killed B. pseudomallei bacteria was also shown to be similar to that of heat-killed B. thailandensis by direct detection ELISA using the anti-B. mallei LPS Mab (data not shown). A Luminex indirect detection assay was subsequently carried out on heat-killed B. thailandensis, demonstrating bacteria can also be detected using the anti-B. mallei LPS Mab with this system (Fig. 5B) .
The lower limit of detection for both the ELISA and Luminex assays is approximately 0.01 OD units/ml, which equates to approximately 5 x 10 5 bacteria.
Conclusions
In this study we have described how an integrated medium-throughput approach is being used to develop assays for the direct detection of cells of pathogenic Burkholderia species. It is important to note that the methodology presented here establishes a process to create and optimize diagnostic assays under BSL 2 conditions as a means of enabling more rapid translation of methods to BSL3 conditions. We have presented rapid and robust methods for the purification of milligram quantities of soluble proteins and LPS that have been identified to be surface-localized or secreted by B. pseudomallei and B. mallei. We have obtained a Fab using phage display methods against the B. mallei BimA protein, a surface exposed protein which has a key role in infection 30 and is an antigen which confers protection against glanders. 17 Using B. thailandensis LPS and cells as a surrogate for the highly pathogenic Burkholderia species, we have demonstrated that anti-LPS Burkholderia Mabs can be used to detect LPS and cells in ELISA and Luminex diagnostic formats, though admittedly at high cell titres.
There is, however, considerable scope for improvement and optimization of the procedures presented here. For example, although we have developed reliable and robust methods for cloning, expression and purification of Burkholderia proteins, correct target selection remains difficult. However, target selection may be guided by efforts such as recently published B. pseudomallei protein microarray studies that have identified abundant/ immunoreactive proteins which are expressed in an active infection. 27 We have shown proof-of-principle for detection of cells but our efforts are now being focused upon improving both sensitivity and selectivity of diagnostic reagents. Optimization of the assay conditions are underway and include altering experimental conditions such as the addition of PVP to reduce non-specific binding in Luminex assays. 38 It is also interesting to note that the Luminex system has been used to detect killed whole cells of other Gram-negative bacteria at levels of 2.5-500 organisms/ml in a previously published study using capture and detection antibodies directed against bacterial protein antigens. 39 However, detection of live organisms remains largely unexplored and clearly demands an integrated approach like ours to exploit the potential of using high affinity recognition reagents to identify microorganisms in clinical samples with multiplex-capable platforms such as Luminex. ELISA binding curves of Fab E8 to BimA from B. mallei (BMAA0749) and from B. pseudomallei (BPSS1492). Microplates coated with various concentrations of anti-B. mallei LPS Mab were mixed with dilutions of live or heat-killed B. thailandensis and developed by sandwich ELISA (A) and
